The widely expressed dipeptidyl peptidase-4 enzyme rapidly cleaves the gut hormone glucagonlike peptide-1 )amide] at the N terminus to generate GLP-1(9-36)amide. Both intact GLP-1(7-36)amide and GLP-1(9-36)amide exert cardioprotective actions in rodent hearts; however, the mechanisms underlying the actions of GLP-1(9-36)amide remain poorly understood. We used mass spectrometry of coronary effluents to demonstrate that isolated mouse hearts rapidly convert infused GLP-1(7-36)amide to GLP-1(9-36)amide. After ischemia-reperfusion (I/R) injury of isolated mouse hearts, administration of GLP-1(9-36)amide or exendin-4 improved functional recovery and reduced infarct size. The direct actions of these peptides were studied in cultured neonatal mouse cardiomyocytes. Both GLP-1(9-36)amide and exendin-4 increased levels of cAMP and phosphorylation of ERK1/2 and the phosphoinositide 3-kinase target protein kinase B/Akt. In I/R injury models in vitro, both peptides improved mouse cardiomyocyte viability and reduced lactate dehydrogenase release and caspase-3 activation. These effects were attenuated by inhibitors of ERK1/2 and phosphoinositide 3-kinase. Unexpectedly, the cardioprotective actions of GLP-1(9-36)amide were blocked by exendin(9-39) yet preserved in Glp1r 1-3) . However, the half-life of intact GLP-1 is extremely short (Ͻ2 min), in part due to renal clearance. GLP-1 is also rapidly metabolized to GLP-1(9-36)amide by the enzyme dipeptidyl peptidase-4 (DPP-4), which is abundantly expressed in many cell types with primary ex-
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lucagon like peptide-1 [GLP-1 amide], also known as GLP-1, is released from gut endocrine cells in response to nutrient ingestion, stimulating glucose-dependent insulin secretion by activating a G protein-coupled GLP-1 receptor (GLP-1R) expressed on pancreatic islet cells (1) (2) (3) . However, the half-life of intact GLP-1 is extremely short (Ͻ2 min), in part due to renal clearance. GLP-1 is also rapidly metabolized to GLP-1 amide by the enzyme dipeptidyl peptidase-4 (DPP-4), which is abundantly expressed in many cell types with primary ex-pression in endothelial cells (ECs) (4) (5) (6) . The DPP-4-generated metabolite of GLP-1, GLP-1(9-36)amide, was initially believed to be either biologically inactive or a weak antagonist of the canonical GLP-1R (7, 8) . Although a study in pigs suggested that an iv infusion of GLP-1 amide enhanced glucose disposal independent of incretin action (9) , GLP-1(9-36)amide administration to healthy humans had no effect on glucose clearance or insulin secretion (10) . Notably, levels of GLP-1(9-36)amide after GLP-1 infusion did not correlate with changes in plasma glucose in diabetic subjects (11) .
In contrast, multiple lines of evidence support biological actions of GLP-1 amide in the cardiovascular system. GLP-1(9-36)amide increased myocardial glucose uptake and improved left ventricular performance in dogs with dilated cardiomyopathy (12) , and administration of GLP-1(9-36)amide after global ischemia in rats significantly improved left ventricular pressure, although it failed to reduce infarct size (13) . We recently showed that GLP-1(9-36)amide was a cGMP-producing vasodilatory molecule capable of cardioprotective effects in hearts isolated from GLP-1R knockout mice (Glp1r Ϫ/Ϫ ) (14) . Furthermore, suppression of the cardioprotective and vasodilatory effects of GLP-1 by the DPP-4 inhibitor sitagliptin suggested that GLP-1 amide may function as a key intermediary in a subset of the cardiovascular effects of GLP-1 (14) . A vasodilatory effect of GLP-1 amide concentrations that cover the physiological range in vivo was recently demonstrated in rat femoral artery preparations (15, 16) .
Although DPP-4-resistant GLP-1R agonists (exendin-4, liraglutide) and DPP-4 inhibitors (sitagliptin, vildagliptin, saxagliptin) (17) are likely to produce different effects on circulating levels of GLP-1 amide in vivo, the mechanisms mediating the cardiovascular actions of GLP-1 amide are poorly understood. We now show that the isolated mouse heart rapidly converts GLP-1 to GLP-1(9-36)amide, and that the latter peptide is capable of reducing infarct size in an ex vivo model of ischemia-reperfusion (I/R). Using a constant flow model of coronary perfusion, we show that the protection against I/R injury afforded by GLP-1(9-36)amide does not entirely depend on its vasodilatory effects. In addition, we demonstrate that GLP-1(9-36)amide exerts direct cytoprotective actions on isolated mouse cardiomyocytes (CMs) via phosphoinositide 3-kinase (PI3K)-protein kinase B (PKB)/ Akt-and ERK1/2-dependent mechanisms. Finally, we found that GLP-1(9-36)amide, but not the classical GLP-1R agonist exendin-4, protects cardiomyocytes from Glp1r Ϫ/Ϫ mice and human aortic endothelial cells (HAECs) against ischemic-and oxidative stress-induced injury models. Surprisingly, the actions of GLP-1(9-36)amide are blocked by exendin(9-39), a widely used GLP-1R antagonist. Together these novel data further define the selectivity of GLP-1R-dependent and -independent cardioprotective pathways and implicate the existence of an alternative receptor for GLP-1(9-36)amide in both CMs and ECs.
Materials and Methods

Animals
All protocols were approved by Toronto General Hospital and conformed to guidelines of the Canadian Council on Animal Care. Experiments were performed in 12-wk-old male C57BL/6 wild-type and Glp1r
Ϫ/Ϫ mice. C57BL/6 mice were purchased from Charles River (Montréal, Canada) and housed for at least 2 wk before experiments. Creation, characterization, and genotyping of Glp1r Ϫ/Ϫ mice are described elsewhere (18) .
Reagents
GLP-1 [GLP-1(7-36)amide] and GLP-1(9-36)amide were synthesized by Bachem (Torrance, CA) and exendin-4 (Ex-4) and the GLP-1R antagonist exendin [Ex(9-39)] were purchased from California Peptide (Napa, CA). Stock solutions were made initially in water and then diluted in either KrebsHensleit or PBS solutions to achieve the final concentrations employed. All other chemicals used were of reagent-grade (Sigma, Mississauga, Ontario, Canada).
Isolated heart preparations
Isolated mouse hearts were prepared as described (14, 19, 20) . The glucose concentration in perfusion buffers was 11 mM. Only data derived from hearts demonstrating intrinsic heart rates greater than 350 beats/min were used.
Mass spectrometry (MS) analysis
Coronary effluent samples were serially collected from isolated mouse hearts infused on Langendorff preparations with GLP-1 or GLP-1(9-36)amide. Samples were analyzed with a LTQ ion trap mass spectrometer (Thermo Scientific, Waltham, MA) with a nanoelectrospray ionization source to identify specific signatures of GLP-1 and GLP-1(9-36)amide. Detailed methodology for this MS approach is provided in the Supplemental Materials published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org.
Myocardial I/R injury ex vivo
Constant coronary perfusion pressure model
Isolated mouse hearts were mounted on a Langendorff apparatus and perfused with Krebs-Hensleit buffer under a constant coronary perfusion pressure (CCPP) of 80 mm Hg. After a 20-min equilibration phase, hearts were subjected to 30 min of global (no flow) ischemia and 120 min of reperfusion. Either GLP-1(9-36)amide (0.3 nM) or Ex-4 (3 nM) was added to the perfusion buffer for the first 60 min of the reperfusion period. The heart rate (beats per minute) and left ventricular developed pressure (LVDP; mm of mercury) were continuously monitored. Recovery of LVDP was measured at the end of reperfusion and expressed as a percentage of the LVDP at the end of perfusion (i.e. before ischemia). Infarct size was measured by staining hearts with 2,3,5-triphenyl tetrazolium chloride (TTC) after I/R as previously described (20) . Digital images of TTCstained sections were acquired on a DMLB microscope (Leica Microsystems, Wetzlar, Germany) and analyzed with image J software (NIH Image; National Institutes of Health, Bethesda, MD).
Constant coronary flow (CCF) model
By modifying our Langendorff apparatus to deliver CCF rather than CCPP, we attempted to limit putative vasodilatory effects of GLP-1(9-36)amide or Ex-4 on LVDP and infarct size. During the initial stabilization period, the CCF rate (milliliters per minute) was fixed at the value achieved with a resting CCPP of 80 mm Hg and maintained throughout subsequent reperfusion. All other experimental steps and analyses were identical with those under the CCPP mode.
Cellular I/R injury in vitro
Flow-independent cytoprotective effects of our GLP-1-like peptides were also examined on freshly isolated neonatal mouse ventricular CMs or HAECs undergoing simulated I/R injury models in culture. CMs were isolated from 1-d-old wild-type (WT) or Glp1r Ϫ/Ϫ mice as previously described (21, 22) , with details provided in the Supplemental Materials. After serum deprivation for 24 h, CMs were exposed to either hypoxiareoxygenation (H/R) (23) (24) (25) (26) (27) or H 2 O 2 (100 M) (28 -32) . In the H/R injury model, CMs were transferred to a sealed hypoxia chamber (BillupRothenberg, Inc., Del Mar, CA) in which 5% CO 2 and 95% N 2 gas were continuously infused for 48 h. Subsequently reoxygenation was initiated by transferring the CMs to an incubator under normal gas conditions (5% CO 2 -95% air) and maintained for 7 h (23) (24) (25) (26) (27) . Peptides of interest were added at the onset of reoxygenation. Same volume (1 l) of PBS was added into control groups. In the H 2 O 2 model, designed to mimic the oxidative stress of I/R, CMs were exposed to H 2 O 2 (100 M) for 7 h after preincubation with GLP-1(9-36)amide (0.3 nM) or Ex-4 (3 nM) for 20 min (28 -32) . HAECs were purchased (Cascade Biologics, Portland, OR) and cultured as per the vendor's instructions. Briefly, HAECs were plated in 24-well plates and cultured in EGM2 media (Invitrogen Canada Inc., Burlington, Ontario, Canada) containing 4 mmol/liter glucose and 2% fetal bovine serum plus growth factor additives. Cells were then serum deprived (0.2% fetal bovine serum) for 24 h. To simulate I/R injury, cells were transferred to an ischemic buffer (mmol/liter: 137, NaCl; 3. 
FIG. 2.
Treatment with GLP-1(9-36)amide or Ex-4 improved functional recovery and limited infarct size after I/R of mouse hearts ex vivo. A, Experimental protocol demonstrating sequence and duration of peptide infusions, ischemia, and reperfusion. B, Functional recovery of control (untreated; n ϭ 12), GLP-1(9-36)amide (0.3 nM; n ϭ 8), and Ex-4 (3 nM; n ϭ 7) treatments on isolated hearts undergoing I/R in CCPP mode (P Ͻ 0.001). C, Infarct size of control (untreated; n ϭ 6), GLP-1(9-36)amide (0.3 nM; n ϭ 6), and Ex-4 (3 nM; n ϭ 6) treatments as determined by TTC staining on isolated hearts undergoing I/R in the CCPP mode (P Ͻ 0.001). D, Representative LVDP and coronary perfusion pressure (CPP) recordings from normoxic hearts after GLP-1(9-36)amide or Ex-4 treatment in CCF mode. E, Functional recovery (left panel; P ϭ 0.003) and CPP (right panel; P ϭ 0.002) of control (untreated; n ϭ 10), GLP-1(9-36)amide (0.3 nM; n ϭ 6), and Ex-4 (3 nM; n ϭ 6) treatments on isolated hearts undergoing normoxia or I/R in CCF mode. Each data point represents mean Ϯ SE. *, P Ͻ 0.05 compared with untreated control group by one-way ANOVA at the 130-min time point. 
Pharmacological inhibitors
To explore mechanisms activated by GLP-1(9-36)amide or Ex-4, antagonists of the GLP-1R [Ex(9-39); 5-50 nM], PI3K (LY294002; 10 M), ERK1/2 (PD98059; 10 M), and nitric oxide synthase (NOS) [SN (G)-nitro-L-arginine methyl ester (L-NAME); 100 M] were examined in CMs and HAECs undergoing simulated I/R injury. Each agent was used for 30 min before the addition of GLP-1(9-36)amide or Ex-4.
Cytoprotection assays
The 3-(4,5-dimethylthizol-2-yl)-2,5-diphenyltetrazodium bromide (MTT), extracellular lactate dehydrogenase (LDH) release, and caspase-3 activation assays used have been previously described (36 -41) . All experiments were repeated at least three times, and each condition tested was performed in quadruplicate in each experiment.
Western blot
Protein extracts from CMs were prepared as described (19, 21) . Western blot was performed with rabbit monoclonal antibodies for PKB (Akt), phospho-PKB/Akt (Ser473), ERK1/2, phospho-ERK1/2 (Ser9), and cAMP response element binding (CREB) and phospho-CREB as per the manufacturers' instructions. All antibodies were purchased from Cell Signaling (Danvers, MA). Briefly, equal amounts of protein loaded on 12% percentages of sodium dodecyl sulfate-polyacrylamide gels were transferred electrophoretically to polyvinyl difluoride membranes. The membrane were blocked with 5% nonfat milk, incubated in various concentrations of primary specific antibody overnight at 4 C, and then incubated in horseradish peroxidaseconjugated secondary antibody. Finally, the immunoreactive bands were visualized by a chemiluminescence reagent (ECL Plus; GE Healthcare, Indianapolis, IN) and quantified by densitometry (Bio-Rad, Hercules, CA).
cAMP assay
After 24 h of serum deprivation, CMs were preincubated with 3-isobutyl-1-methylxanthine (250 M; Sigma) for 30 min. Then CMs were treated with varying doses (0.03-30 nM) of either GLP-1(9-36)amide or Ex-4 for 20 min. Samples were then collected and analyzed using a cAMP RIA kit (Amersham, Little Chalfont, UK). All experiments were performed in quadruplicate.
Statistical analyses
All data are presented as mean Ϯ SE. A one-way ANOVA was used to evaluate the differences among groups. If the ANOVA was significant, the Student-Newman-Keuls (Student-NwemanKeuls) post hoc test was used for pair-wise multiple comparisons. Significance was defined as P Ͻ 0.05.
Results
GLP-1(9-36)amide is generated in the coronary circulation of hearts infused with GLP-1
To determine whether GLP-1(9-36)amide can be generated from the native GLP-1 (GLP-1(7-36)amide) peptide by the coronary circulation, we used MS to analyze coronary effluents of isolated mouse hearts infused with GLP-1 or GLP-1(9-36)amide. MS/MS spectra were obtained by injecting pure GLP-1 or GLP-1(9-36)amide peptides, and their identity was verified by matching experimental with theoretical spectra (Fig. 1A) . Based on this analysis, parent ions of m/z 1100.37 (3ϩ) and m/z 1030.98 (3ϩ) were chosen to detect GLP-1 and GLP-1(9-36)amide, respectively, in the coronary effluent samples. Next, we generated extracted ion chromatograms (Fig. 1 , B-E) of each peptide from coronary effluent samples using prominent charge states that were empirically determined for the peptides ([Mϩ In this manner, we demonstrated significant amounts of both GLP-1 and GLP-1(9-36)amide in coronary effluent samples collected 15 min after initiation of a GLP-1 infusion, indicating that GLP-1 is rapidly converted to GLP-1(9-36)amide in the isolated heart ex vivo (Fig. 1B) . Of interest, after 30 min of a continuous GLP-1 infusion, the vast majority of peptide collected was GLP-1(9-36)amide, with only minimal amounts of GLP-1 being detected (Fig. 1C) . In contrast, GLP-1(9-36)amide levels were stable in coronary effluents samples collected 15 or 30 min after initiation of a continuous infusion of GLP-1(9-36)amide (Fig. 1, D and E).
GLP-1(9-36)amide and Ex-4 reduce infarct size in isolated mouse hearts ex vivo
Because both GLP-1(9-36)amide and Ex-4 improved LVDP after I/R in rodent hearts (13, 14) , we tested the ability of either agent to reduce infarct size because GLP-1(9-36)amide did not reduce infarct size in a rat model of I/R (13). As GLP-1(9-36)amide also exhibits vasodilatory properties (14), we treated isolated mouse hearts with GLP-1(9-36)amide (0.3 nM) or Ex-4 (3 nM) for the first 60 min of a 120-min reperfusion period after 30 min of global ischemia ( Fig. 2A) and compared results obtained from a CCPP model with those from a CCF model. Both GLP-1(9-36)amide and Ex-4 improved recovery of LVDP after I/R injury in the CCPP model (GLP-1(9-36)amide: 58.1 Ϯ 4.6%, n ϭ 8; Ex-4: 63.1 Ϯ 4.7%, n ϭ 7 vs. untreated controls: 38.4 Ϯ 2.7%, n ϭ 12; P Ͻ 0.05; Fig. 2B ). Treatment with GLP-1(9-36)amide or Ex-4 also reduced infarct size after I/R, as determined by TTC staining in the CCPP model [GLP-1(9-36)amide: 42.8 Ϯ 7.2%, n ϭ 6; Ex-4: 29.8 Ϯ 4.8%, n ϭ 6 vs. untreated controls: 63.4 Ϯ 5.1%, n ϭ 6; P Ͻ 0.05; Fig. 2C ]. In CCF mode, GLP-1(9-36)amide, but not Ex-4, reduced coronary perfusion pressure during normoxia (Fig. 2D) . GLP-1(9-36)amide again increased recovery of LVDP (39.7 Ϯ 3.5%, n ϭ 6) vs. untreated controls (21.2 Ϯ 2.1%, n ϭ 10, P Ͻ 0.05) and did so with a lower mean coronary perfusion pressure during reperfusion (102.1 Ϯ 4.4 vs. 121.4 Ϯ 5.6 mm Hg, P Ͻ 0.05). Ex-4 provided a similar degree of LVDP recovery (42.5.2 Ϯ 4.8%, n ϭ 6, P Ͻ 0.05 vs. untreated controls) but did so without lowering coronary perfusion pressure (118.4 Ϯ 5.6 mm Hg, P ϭ NS vs. untreated controls) (Fig. 2E) . However, under the admittedly nonphysiological conditions of CCF mode, neither GLP-1(9-36)amide nor Ex-4 reduced infarct size compared with untreated controls (P ϭ NS).
GLP-1(9-36)amide and Ex-4 protect cardiomyocytes from I/R injury models via PI3K and ERK1/2
We next examined whether the actions of GLP-1(9-36)amide or Ex-4 were direct or indirect by examining the effects of these peptides on isolated mouse neonatal ventricular CMs. In CMs exposed to simulated I/R injury models in vitro, administration of GLP-1(9-36)amide (0.3 nM) or Ex-4 (3 nM) significantly improved CM viability as determined by the MTT assay. These findings were consistent whether CMs were exposed to H/R [GLP-1(9-36)amide: 83.7 Ϯ 9.3%; Ex-4: 87.8 Ϯ 5.1%; vs. PBS controls: 66.1 Ϯ 9.4%; P Ͻ 0.05; To dissect molecular mechanism(s) underlying these effects, we examined the effects of GLP-1(9-36)amide and Ex-4 on known prosurvival proteins, including PKB/Akt, ERK1/2, and CREB. In normoxic CM cultures, both Ex-4 and GLP-1(9-36)amide increased phosphorylation of PKB/ Akt, ERK1/2, and CREB (Fig. 4A ) and increased cAMP formation in CMs in a dose-dependent manner (Fig. 4B) . The prosurvival effects of both agents were significantly attenuated after cotreatment with inhibitors of PI3K (LY294002), ERK1/2 (PD98059), but not NOS (L-NAME) (Fig. 4C) . To compare the minimum concentrations of GLP-1(9-36)amide and Ex-4 capable of cytoprotective action, we undertook a dose-response study covering six log doses of each agent (0.003-300 nM) in CM cultures undergoing simulated I/R injury with H 2 O 2 . A minimum cytoprotective concentration of 0.3 nM was identified for both peptides (Fig. 4D) .
The actions of GLP-1(9-36)amide are attenuated by the GLP-1R antagonist Ex(9-39) but preserved in cardiomyocytes from Glp1r
؊/؊ mice
To investigate whether the CM actions of the structurally distinct peptides GLP-1(9-36)amide and Ex-4 were (Fig. 5A) . Unexpectedly, Ex(9-39; 5 nM) also blocked the stimulatory actions of GLP-1(9-36)amide on cAMP formation (Fig. 5A) . Consistent with these observations, the salutary effects of both peptides on CMs exposed to either I/R or H 2 O 2 were diminished when coincubated with Ex(9-39) (5-50 nM) (Fig. 5, B and C) . In contrast to the data obtained using the peptide antagonist Ex(9-39), the cAMP stimulation and prosurvival effects of GLP-1(9-36)amide, but not Ex-4, remained evident in Glp1r Ϫ/Ϫ CMs (Fig. 6, A and B) . Also noteworthy was the finding that Ex(9-39) (5 nM) attenuated the effects of GLP-1(9-36)amide in CMs lacking a functional GLP-1R (Fig. 6C) , suggesting that Ex(9-39) is also a functional GLP-1(9-36)amide antagonist.
GLP-1(9-36)amide protects human endothelial cells from I/R injury models
Given the ability of GLP-1(9-36)amide to vasodilate coronary, femoral, and mesenteric arteries (14, 16) , we sought to examine whether GLP-1(9-36)amide exerted cytoprotective effects in ECs. GLP-1(9-36)amide but not Ex-4 improved survival of HAECs after exposure to H/R or H 2 O 2 ( Fig. 7, A and B) . These salutary effects of GLP-1(9-36)amide were abrogated by cotreatment with the NOS inhibitor L-NAME (Fig. 7C ).
Discussion
Consistent with previous observations of GLP-1 degradation in the systemic circulation, we now demonstrate that the isolated mouse heart rapidly converts GLP-1 to GLP-1(9-36)amide. We also show that the metabolite GLP-1(9-36)amide exerts cardioprotective actions in the mouse heart ex vivo, limiting infarct size after I/R injury. Consistent with coronary flow-independent cytoprotection, GLP-1(9-36)amide directly activates PKB/Akt, ERK1/2, and CREB and directly protects CMs from simulated I/R injury via PI3K-and ERK1/2-dependent mechanisms. Our finding that GLP-1(9-36)amide but not Ex-4 also promotes cell survival in CMs from Glp1r
Ϫ/Ϫ mice and in HAECs strongly supports the existence of an alternative receptor for GLP-1(9-36)amide, distinct from the classical GLP-1R, in both CMs and ECs. Together these results extend our understanding of the cell physiology and molecular mechanisms of action of GLP-1(9-36)amide and shed new insights on the potential cardiovascular effects of incretin-targeted therapeutics.
In a previous report, we suggested a novel two-pathway schema for cardiovascular actions of GLP-1: one depend- ing on the canonical GLP-1R found on ECs, vascular smooth muscle cells, and CMs (14) and a second depending on rapid metabolism of GLP-1 to GLP-1(9-36)amide, the latter having GLP-1R-independent effects. In this regard, we developed a MS approach to qualitatively detect the presence of GLP-1 and GLP-1(9-36)amide in coronary effluents. MS has emerged as a powerful analytical technique for protein identification and can also be applied to peptide metabolism due to its high sensitivity and resolution (42) . We were able to detect GLP-1(9-36)amide within 15 min of the initiation of a GLP-1 infusion to isolated mouse hearts ex vivo. The fact that only trace amounts of intact GLP-1 remained in coronary effluents after 30 min of continuous GLP-1 infusion supports the notion that GLP-1(9-36)amide may function as a critical intermediary in GLP-1-induced cardiovascular biology. Consistent with previous studies, administration of GLP-1(9-36)amide or the degradation resistant GLP-1R agonist Ex-4 significantly improved functional recovery and reduced infarct size. However, unlike the study by Sonne et al. (13) in which Ex-4 but not GLP-1(9-36)amide reduced infarct size in a rat model of I/R, the current study found that both Ex-4 and GLP-1(9-36)amide are capable of limiting infarct size in a mouse model of I/R using the CCPP mode of myocardial reperfusion. Although isolated hearts in CCF mode allowed us to examine vascular effects, this preparation has the disadvantage of not resembling in vivo conditions. Autoregulation of the myocardial vasculature is lost in this model, and the results obtained with respect to infarct size differed considerably from those obtained in CCPP mode. Whereas the absence of an infarct-sparing effect of GLP-1(9-36)amide in CCF mode suggests that vasodilatory actions are essential for cardioprotection, data from our in vitro studies examining isolated cell types support the notion that vasodilatory effects of GLP-1(9-36)amide are not the only mechanism underlying its cardioprotective action.
Whereas the magnitude of the cardioprotective effects of Ex-4 appeared to be greater than that of GLP-1(9-36)amide, it is important to highlight that the dose of Ex-4 used (3 nM) was an order of magnitude greater than that of GLP-1(9-36)amide (0.3 nM). Indeed, in isolated CMs undergoing simulated I/R injury, the dose-response relationship for cytoprotective effects of both agents was essentially identical.
Our finding that GLP-1(9-36)amide but not Ex-4 was capable of lowering coronary perfusion pressure during the reperfusion phase provides further support for the notion that GLP-1(9-36)amide has vasodilatory effects (even when coronary flow was kept constant) beyond its direct cardioprotective actions (14) . We have extended these observations by now demonstrating that GLP-1(9-36)amide exerts direct effects on two cardiovascular cell types, namely CMs and ECs. In cultured neonatal CMs from WT mice, I/R injury was induced by either H/R or H 2 O 2 treatment protocols, both well-recognized models for simulating I/R injury in vitro (23) (24) (25) (26) (27) . Treatment of CMs with GLP-1(9-36)amide or Ex-4 resulted in improved cell viability in response to these I/R injury models, as determined by the MTT assay, LDH release, and caspase-3 activation.
Previous studies demonstrated that multiple downstream signaling pathways are involved in mediating the protective effects of GLP-1 (43) . Similar to findings made with whole hearts studied ex vivo, we observed that both GLP-1(9-36)amide and Ex-4 significantly increased cAMP levels and phosphorylation of PI3K targets PKB/Akt and ERK1/2 and CREB in CMs maintained under normoxic conditions in vitro. It is important to note that each of these signaling pathways has been reported to play a critical role in cardioprotection against I/R injury (44 -49) . Of these key candidates, the cytoprotective effects of both GLP-1(9-36)amide and Ex-4 were attenuated by inhibitors of PI3K and ERK1/2. Together these data provide strong evidence that both GLP-1(9-36)amide and Ex-4 exert cytoprotective effects through PI3K-PKB-and MAPK-ERK1/2-dependent signaling pathways.
Consistent with our hypothesis that a GLP-1R-independent (i.e. alternate receptor) signaling mechanism exists for GLP-1(9-36)amide, the actions of GLP-1(9-36)amide, but not Ex-4, were maintained in CMs isolated from Glp1r Ϫ/Ϫ mice. Moreover, only GLP-1(9-36)amide, and not Ex-4, improved the survival of HAECs undergoing simulated I/R injury. Unexpectedly, the actions of GLP-1(9-36)amide in CMs isolated from both WT and Glp1r
Ϫ/Ϫ mice were blunted by cotreatment with Ex(9-39). This intriguing finding suggests that Ex(9-39) is capable of blocking not only GLP-1R-dependent mechanisms but also GLP-1R-independent actions mediated by GLP-1(9-36)amide. To date, it has been widely assumed that the actions of Ex(9-39) are relatively specific for the classical GLP-1R. However, our current results strongly suggest Ex(9-39) also functions as a GLP-1(9-36)amide antagonist. In retrospect, there have been many previous reports on nonspecific effects of Ex . For example, Ex(9-39) antagonized cAMP production and insulin release by glucose-dependent insulinotropic polypeptide (50, 51) , and Ex(9-39) alone can cause concentration-dependent vasorelaxation (52) . Hence, our current findings should prompt a reassessment of the specificity of Ex(9-39) when used as a putative GLP-1R antagonist.
Finally, it is noteworthy that although the concentrations of GLP-1(9-36)amide capable of eliciting vasodilatory responses in the rat femoral artery (0.001-10 nM) (16) overlap the range of GLP-1(9-36)amide concentrations measured in man (0.025-0.1 nM) (15), our study identi- fied the minimum cytoprotective concentration of GLP-1(9-36)amide (or Ex-4) in isolated CMs to be 0.3 nM, a value admittedly more pharmacological than physiological. Nevertheless, local tissue concentrations of GLP-1(9-36)amide have not been well studied and the minimum concentration of GLP-1(9-36)amide capable of eliciting cardioprotective actions in vivo has yet to be established.
In conclusion, we demonstrate that GLP-1(9-36)amide exhibits many of the beneficial cardiovascular effects attributed to GLP-1 but mediates these effects through a GLP-1 receptor-independent, Ex(9-39)-sensitive mechanism. Identification and characterization of the putative GLP-1(9-36)amide receptor and further elucidation of the relevance of GLP-1(9-36)amide action in humans may lead to enhanced understanding of the cardiovascular biology of GLP-1 and related peptides.
